Abstract. Glioblastoma multiforme (GBM) is one of the most common encephalic malignant tumors. Due to a high recurrence rate and a lack of effective treatments, the average survival rate remains low. Temozolomide (TMZ), a class of alkylating agent, is widely used as a first-line therapeutic drug during the adjuvant treatment for GBM patients. However, most patients exhibit a palpable resistance to TMZ treatment. Additionally, the underlying mechanism remains to be clarified. In this study, glutathione (GSH) and reactive oxygen species (ROS) levels were found to be closely associated with the sensitivity of GBM cells to TMZ. We also found that TMZ markedly induced xCT, the subunit of glutamate/cystine transporter system x c -expression, which together with the GSH synthesis was increased while the TMZ-inducible ROS level was decreased in GBM cells. In addition, the cystathionine γ-lyase (CTH) acivity, a key enzyme in the transsulfuration pathway was enhanced by TMZ, which insured a cysteine supply and GSH synthesis in a compensatory manner when xCT was blocked. Thus, the individual inhibition of xCT by siRNA and a pharmacological inhibitor (sulfasalazine) only partially inhibited GSH synthesis and moderately enhanced the GBM cell sensitivity to TMZ. However, the TMZ-induced cytotoxicity was markedly increased along with a marked decrease in GSH levels as result of co-treatment with erastin, which inhibited cysteine uptake from xCT transporter and suppressed CTH activity, leading to impaired transformation from methionine to cysteine. In conclusion, to GBM therapy with a drug combination of TMZ and erastin may be beneficial.
Introduction
Glioblastoma multiforme (GBM) is one of the most common gliomas, and is extremely lethal in all central nervous system tumors (1) . GBM infiltrates into normal brain tissues where a tumor and the normal brain tissue have no clear demarcation, due to glioma cells having a high mobility and possessing strong invasive properties (2, 3) . Thus, it is difficult to completely remove the tumor through surgical resection. Additionally, GBM has been proven to resist radio-and chemotherapy (4) . Although patients undergo the most aggressive regimens of debulking surgeries, radiotherapy together with adjuvant chemotherapy results in a median survival of ~14 months (5) . At present, there are no effective methods to prevent a relapse of the tumor by residual neoplastic cells following surgery and radiotherapy.
Temozolomide (TMZ) is a class of alkylating agent approved by the Food and Drug Administration (FDA). TMZ is widely used as a standard-of-care during clinical treatment. However, it only results in a slight increase of overall survival of GBM patients. Furthermore, most patients are resistant to TMZ in the clinic (6) . O 6 -methylguanine produced by DNA methyl transferase mainly mediates the cytotoxicity of TMZ and triggers cell cycle-dependent DNA damage, ensuring cell death. Thus, O 6 -methylguanine-DNA methyl transferase (MGMT) limits the therapeutic effect of TMZ by removing O 6 -methylguanine (7, 8) . However, findings of previous GBM cell line studies showed that the activity of MGMT was not entirely consistent with the resistance of GBM to TMZ, i.e., even in MGMT-silenced GBM cells, the effect of TMZ was limited (8) . The exact cell death pathway induced by TMZ and the molecular mechanisms affecting the efficacy of TMZ in GBM cells remain to be determined.
The glutamate/cystine antiporter system x c -is an obligate sodium-independent amino acid antiporter, comprising 12-pass transmembrane transporter protein xCT (SLC7A11) which is connected to the 4F2 cell surface antigen 4F2hc
Erastin sensitizes glioblastoma cells to temozolomide by restraining xCT and cystathionine-γ-lyase function
(CD98/SLC3A2) by a disulfide bridge (9, 10) . System x c -transports extracellular cystine into cells in exchange for intracellular glutamate at a ratio of 1:1, and maintaining intracellular cysteine pools is important (10) . Cysteine is a crucial material in glutathione (GSH) synthesis, which is indispensable for maintaining intracellular redox balance and drug metabolism (11, 12) . xCT expression is mediated by the oxidative stress-response transcription factor NF-E2 related to factor 2 (Nrf2) and activation of transcription factor 4 (ATF4) (13) . xCT is expressed in many types of malignancies and is associated with tumor growth and metastasis. It is also associated with resistance to chemotherapy and poor survival (13) (14) (15) (16) (17) . Accordingly, xCT has been considered as a potential therapeutic target (13, 14, 16, 17) . Sulfasalazine (SaSP) is a sulfa drug used for inflammatory bowel diseases and rheumatoid arthritis treatment and is a widely recognized xCT-specific inhibitor (18) . although it has been suggested that the inhibitory effect of SASP on xCT can suppress GBM cell growth, the combination of SASP combined with TMZ for GBM treatment in the clinic has yielded controversial results (19, 20) . Erastin (ERA) is a voltage-dependent anion channels (vDaC)-binding small molecule that is selectively lethal to some cancer cells (21) . Compared to SASP, ERA exerts a stronger inhibitory effect on xCT (22) . In addition, eRa is able to inhibit the activity of certain GSH-related enzymes, such as glutathione peroxidase 4 (GPx4), resulting in more lethal oxidative damage to cells (23) . ERA can cause a unique form of cell death on iron-dependent tumor cells as compared to conventional apoptosis, necrosis and autophagy (22) . In many types of cells cysteine is derived from an imported xCT process, however, there is also a trans sulfuration pathway in which methionine is transferred to cysteine via catalysis by cystathionine β-synthase (CSE) and cystathionine-γ-lyase (CTH) (24, 25) . In brain carcinoma cells such as glioma cells and astrocytes, most cysteine originates from the reduction process of cystine imported by xCT under normal conditions. However, when xCT is blocked or GSH is decreased, the transsulfuration pathway is activated, which insures the cysteine supply for GSH synthesis in a compensatory manner (26, 27) . Furthermore, CTH activity may limit cysteine synthesis via the methionine transsulfuration pathway (28, 29) . However, whether transsulfuration and CTH are involved in TMZ resistance remains to be elucidated.
In this study, we demonstrated that GBM cells were sensitive to TMZ with a downregulation of the GSH level. TMZ enhanced xCT expression in an Nrf2-and ATF4-dependent manner. Moreover, it activated the transsulfuration pathway in GBM cells by enhancing CTH activity. Erastin restrained xCT and CTH resulting in a marked increase of TMZ cytotoxicity, which may be beneficial to GBM therapy. Cell culture. The human a172, u87-MG and T98G malignant glioblastoma multiforme cells were purchased from the american Tissue Culture Collection (Rockville, MD, uSa). GBM-n6 and GBM-n15, isolated from a grade Iv human glioblastoma, were a generous gift from Dr Dongcheng Wang at Shandong university.
Materials and methods

Materials
The cells were maintained in DMEM containing 10% fetal bovine serum (Gibco, Grand Island, ny, uSa) with 100 u/ml penicillin and 100 µg/ml streptomycin (Gibco). The cells were cultured at 37˚C with 5% Co 2 and saturated humidity.
Cloning of CTH cDNA and stable transfection. The overexpression vector of CTH was constructed by using the primer 5'-CGT CCC AGC ATG CAG AAG AA-3' and 5'-CAG TTA TTC AGA AGG TCT GGC CC-3'. The constructs containing CTH cDna were then subcloned into the pIReS2-eGFP expression vector (Clontech) as previously reported (30) . For stable transfection, GBM-N15 cells were transfected with linearized constructs by using FuGENE transfection reagent (Roche Applied Science) according to the manufacturer's instructions. After 48 h of transfection, the cells were seeded in 35-mm dish at a density of 5x10 4 cells/dish. The following day, the culture media was refreshed containing 500 µg/ml G418 (Life Technologies) for antibiotic selection. after five weeks of culturing the selected antibiotics, survival-transfected cells were collected. Stable-transfected cells were used within 15 passages as previously reported (30) .
Determination of intracellular reactive oxygen species (ROS)
. u87, T98G and GBM-n15 cells were plated in 12-well plates at a density of 5.0x10 5 cells/well and cultured overnight. The cells were treated with DMSO or 400 µM TMZ for 3 h. In the experiment in which TMZ and eRa or SaSP were used as co-treatment methods, 5.0x10 5 cells/well of GBM-N15 cells were plated in 12-well plates. After 24 h, the culture medium was refreshed with 400 µM TMZ and 5 µM ERA or 0.3 mM SASP. After 3-h incubation, the culture medium was replaced with fresh culture medium containing 5 µM CellRox Orange Reagent, and the cells were incubated at 37˚C for an additional 30 min. after washing with PBS twice, the Tali Image-based Cytometer (Life Technologies) was used to detect the stained cells.
RNA preparation and RT-qPCR. Total RNA from GBM-N15 cells was isolated by using TRIzol reagent (Life Technologies, Carlsbad, Ca, uSa) according to the manufacturer's instructions. cDNAs were synthesized using the Transcriptor First Strand cDNA Synthesis kit (Roche, Shanghai, China). The quantitative RT-PCR analyses were performed using SYBR Premix ex Taq II (Takara Bio) and the CFX Real-time PCR Detection System (Bio-Rad, Hercules, Ca, uSa). The primers used for RT-qPCR were: human xCT, forward: 5'-CCA TGA ACG GTG GTG TGT T-3' and reverse: 5'-GAC CCT CTC GaG aCG Caa C-3'); human Nrf2, forward: 5'-ACT CCC AGG TTG CCC AC-3' and reverse: 5'-GTA GCC GAA GAA aCC TCa TTG TC -3'); human ATF4, forward: 5'-TGA AGG AGT TCG ACT TGG ATG CC-3' and reverse: 5'-CAG AAG GTC aTC TGG CaT GGT TTC-3'); human CTH, forward: 5'-GCC CAG TTC CGT GAA TCT AA-3' and reverse: 5'-CAT GCT Gaa GaG TGC CCT Ta-3'); and human Cyclophilin A, forward: 5'-ATG CTG GAC CCA ACA CAA AT-3' and reverse 5'-TCT TTC ACT TTG CCA AAC ACC-3'). Cyclophilin A was used as an internal control.
Protein extraction and immunoblot analysis. The cells were washed three times with PBS, lysed by using the buffer of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, and sonicated to shear the DNA. Protein concentrations were determined using the bicinchoninic acid assay kit (Pierce, Rockford, IL, uSa) according to the manufacturer's instructions. 2-Mercaptoethanol (1%) and bromophenolblue (0.01%) were added into each sample. Protein (10 µg) per lane was separated by SDS-PAGE and then transferred onto PvDF membranes (Millipore, Billerica, Ma, uSa). The membranes were blocked with 5% BSa-PBS with 0.1% Tween-20 (PBST). For protein visualization, the membranes were blotted with primary antibodies against Nrf2, ATF4, xCT and LaminB. Peroxidase-conjugated antirabbit IgG was applied as the secondary antibody. Protein bands were detected using ImmunoStar chemiluminescent reagent (Wako Pure Chemical).
siRNA transfection. After 24 h of seeding in 6-well plates, GBM-N15 cells were transfected with siRNA by using Lipofectamine RNAiMAX (Life Technologies). Human CTH siRNA (sc-78973), human xCT siRNA (sc-76933), human Nrf2 (sc-37030) and control siRNA (sc-37007) were purchased from Santa Cruz Biotechnology, Inc.; and human aTF4 siRna was synthesized as the following sequence: forward: 5'-GCC uaG GuC uCu uaG auG aTT-3' and reverse: 5'-uCa uCu aaG aGa CCu aGG CTT-3'. after another 24 h of incubation, the transfected cells were treated with TMZ for the indicated times. Subsequently, immunoblot analysis, cell viability determination and intracellular GSH detection were performed.
Cell viability analysis. Cell viability was evaluated by using the Cell Counting kit-8 (DojinDo, Kumamoto, Japan) according to the manufacturer's instructions. Briefly, a172, u87, T98G, GBM-N6 and GBM-N15 cells were plated in 96-well plates at a density of 5.0x10 4 cells/well. On the following day, the cells were treated with TMZ of a concentration from 50 to 800 µM. After 48 h of incubation, the cell viability was detected. For the TMZ-inducible cell death in xCT knockdown GBM-N15 cells experiment, the cells were transfected with control or xCT siRNA as described above. After 24 h of transfection, the cells were seeded in 96-well plates at a density of 5.0x10 4 cells/ well and incubated overnight. The following day, 50-600 µM TMZ were added to the transfected cells and incubated for an additional 48 h. In TMZ and SaSP (or eRa) co-treatment experiments, the GBM-N15 cells were seeded in 96-well plates at a density of 5.0x10
4 cells/well. After 24 h, the culture media were replaced with the media containing increased doses of TMZ in the presence and absence of 0.3 mM SASP or 5 µM ERA. After 48 h, the cell viability was analyzed. For the experiment in which desferrioxamine (DFO) decreased ERA-processed TMZ cytotoxicity, the cells were seeded as described above. The following day, the medium was replaced with 50 or 100 µM TMZ and 5 µM ERA in the presence or absence of 100 µM DFO.
Intracellular cysteine and GSH analysis. u87, T98G and GBM-N15 cells were plated in 6-well plates at a density of 6.0x10 5 cells/well and cultured overnight. The following day, DMSO or 400 µM TMZ was introduced for a 24-h incubation. For the TMZ-induced GSH levels experiment, xCT was knocked down with siRNA as described above. The following day, the cells were incubated in the presence or absence of 400 µM TMZ. After 24 h, the cells were subjected to GSH analysis. For the TMZ and SASP (or ERA) co-treatment experiment, the GBM-N15 cells were plated in 6-well plates as described above. The following day, 400 µM TMZ with 0.3 mM SASP or 5 µM ERA were added into the medium, and the cells were incubated for 24 h. To determine amino acid deprivation, the cells were plated as mentioned above. The following day, the culture medium was replaced with a certain amino acid deprivation culture medium (methionine, cystine or cystathionine) as shown in Fig. 5A . Following incubation for 30 min at 37˚C, 400 µM TMZ was introduced. after 24 h of treatment, intracellular cysteine and GSH levels were measured as previously described (31) .
Determination of CTH activity. GBM-N15 cells were plated on 6-well plates at a density of 5.0x10 5 cells/well. After 24 h, the medium was refreshed with SASP, ERA or PPG. After 30-min incubation at 37˚C, 400 µM TMZ was introduced for the next 24-h treatment. Subsequently, intra cellular CTH activity was determined as previously described (27) .
Statistical analysis. Data were presented as the means ± SEM of at least three independent experiments. one-way anova with the Bonferroni post-hoc test was used to determine significant differences between the means. The difference between the means was considered significant at p<0.05.
Results
ROS and GSH levels are closely associates with the sensitivity of GBM cells to TMZ treatment.
To determine GBM cell line sensitivity to TMZ, we identified three frequently used GBM cell lines in the laboratory: a172, u87 and T98G cells. GBM-N6 and GBM-N15GBM cell lines were also identified in glioma patients in stage Iv. as shown in Fig. 1a , u87 and a172 cells were moderately sensitive to TMZ; however, T98G, GBM-n6 and GBM-n15 cells were significantly resistant to TMZ. The three cell lines were screened and u87, T98G and GBM-n15 cells were used to detect constitutive and TMZ-inducible ROS levels. The ROS level in u87 cells was significantly increased by TMZ treatment, while there were no significant changes for the RoS level in T98G and GBM-N15 cells (Fig. 1B) . Correspondingly, the GSH level was only slightly enhanced by TMZ treatment in u87 cells, but was much more significantly elevated in T98G and GBM-N15 cells, suggesting that the cells with a low GSH level and consequently a high ROS level were sensitive to TMZ (Fig. 1C) . To confirm the association between resistance to TMZ and the GSH level in the cells, buthione sulfoximine (BSO), an inhibitor in GSH synthesis, was introduced in the experiment. The results showed that BSO almost completely abrogated the resistance of GBM cells to TMZ (Fig. 1D) . We also analyzed the effect of NAC on TMZ-inducible cytotoxicity, which is an antioxidant and functions as a source of cysteine and GSH (32) . As shown in Fig. 1E , NAC abolished the cytotoxicity of TMZ to GBM cells. These results indicated that the intracellular ROS and GSH levels are closely associated with the resistance of GBM cells to TMZ treatment.
TMZ markedly induced xCT expression in GBM-N15 cells.
Results of previous studies indicated that GSH and ROS levels were associated with xCT expression. Moreover, the pharmacologic inhibitor for xCT enhanced the cytotoxicity of TMZ (13, 16, 20, 33) . To examine the contribution of xCT to resistance to TMZ, we detected TMZ-inducible xCT expression. The RT-qPCR results showed that 50, 100, 200, 400 and 800 µM TMZ increased xCT mRNA expression by 2.5-, 3.6-, 4.8-, 7.6-and 8.1-fold, respectively ( Fig. 2A) , and the induced xCT mRNA expression increased significantly from 6 to 24 h (Fig. 2B) . Consistent with this result, the xCT protein level was also increased significantly by TMZ treatment (Fig. 2D) . To identifiy the stability of xCT mRNA induced by TMZ, 0.5 µg/ml of actinomycin D was used to sever the gene transcription. As shown in Fig. 2C , TMZ did not change the stability of xCT mRna significantly. These observations suggested that TMZ markedly induced the expression of xCT at transcription level.
TMZ induces xCT expression via Nrf2 and ATF4 activation
pathway. Nrf2 and ATF4 are involved in the regulation of xCT expression in human bladder carcinoma cells (13) . To investigate the contribution to the expression of Nrf2 and ATF4 in TMZ-inducible xCT, Nrf2 and ATF4 expression levels were detected in GBM-N15 cells. The results showed that 400 µM TMZ markedly induced the expression of Nrf2 and ATF4 at mRNA and protein levels, and the inductions peaked from 6 to 12 h (Fig. 3A and B) . As shown in Fig. 3C , the constitutive-and TMZ-triggered expression of xCT mRNA was decreased in nrf2 and aTF4 knockdown cells. In addition, TMZ-inducible Nrf2 and ATF4 protein expression was decreased individually by siRNA targeting Nrf2 and ATF4 (Fig. 3D and E) . xCT inhibition significantly sensitizes GBM-N15 cells to TMZ. In order to study the role of xCT in the resistance to TMZ, we inhibited the function of xCT by applying xCT siRna or pharmacologic xCT inhibitors. We confirmed that transfection with xCT siRNA effectively reduced constitutive and TMZ-inducible xCT expression (Fig. 4B ). Fig. 4A shows that the sensitivity of GBM cells to TMZ was significantly increased in the xCT knockdown GBM-N15 cells. The cytotoxicity of TMZ was also increased at a physiological concentration (50 µM) (Fig. 4A ). Since xCT was crucial for maintaining cysteine pool and GSH synthesis in cells, we detected intracellular cysteine and GSH levels. The results showed that the basic level and TMZ-inducible cysteine level in xCT knockdown cells was decreased significantly (Fig. 4D) . Although the TMZ-inducible GSH level was inhibited by the effect of xCT knockdown, the cysteine level was not significantly reduced as compared to the control group (Fig. 4C ). In addition, we used the pharmacologic inhibitors of xCT, SASP and ERA to block the properties of xCT in another experiment. Similarly, SaSP and eRa significantly decreased the TMZ-inducible GSH level and the resistance to TMZ (Fig. 4E and F) . However, the regulation of ERA on TMZ-inducible cytotoxicity and intracellular GSH level in the cells was much stronger than the regulation of xCT siRNA and SASP, and it almost completely abolished the increase of TMZ-inducible GSH level ( Fig. 4E and F, middle lane). Consistent with this result, SASP and ERA enhanced the TMZ-inducible ROS level in GBM-N15 cells, with the effect of ERA being much more significant than that of SASP (Fig. 4G) . Additionally, SASP and ERA did not affect TMZ-inducible xCT expression (Fig. 4H) . Additionally, the increase of sensitivity to TMZ by applied ERA was partially eliminated by an Fe (III) chelator known as desferrioxamine (DFo) (Fig. 4I) . These data indicated TMZ-induced cell death partially resulted from oxidative stress. The TMZ-inducible xCT upregulation increased the cysteine and GSH levels in GBM-N15 cells, which inhibited oxidative stress and reduced the effect of TMZ. Transsulfuration pathway supports the necessary cysteine for GSH synthesis as a compensatory pathway when xCT expression was inhibited. Fig. 4C and D shows that although the cysteine level was markedly decreased, GSH synthesis was only partly affected. Kandil et al stated that cystathionine-γ-lyase (CTH), the key regulatory enzyme in transsulfuration pathway is activated to maintain GSH synthesis when xCT was blocked (34) . We found that the TMZ-inducible GSH level was only partially downregulated due to cysteine deprivation in the media (Fig. 5A) . However, GSH level was markedly decreased in the basic and TMZ-processed cells when methionine and cysteine were deprived (Fig. 5A, lane 3) . Moreover, cystathionine almost completely acquired the role of methionine and cysteine (Fig. 5A, lane 5) . We then detected CTH mRNA regulation by TMZ treatment in the cells transfected with ctrl or xCT siRna. as shown in Fig. 5B , TMZ significantly upregulated the expression of CTH mRNA in xCT knockdown cells. CTH expression was also increased slightly in xCT-silenced cells without TMZ treatment in a compensatory manner (Fig. 5B) . In another experiment, we detected the effect of TMZ on CTH expression and its enzyme activities when xCT was inhibited by pharmacological inhibitors. Of note, CTH enzyme activity that was processed by TMZ and SASP co-treatment was markedly increased (Fig. 5D , Lane 2). By contrast, ERA almost completely abolished the increase of TMZ-inducible CTH enzyme activity (Fig. 5D , Lane 3). PPG as an inhibitor to the transsulfuration pathway was the positive control (Fig. 5D , Lane 4). We also found that ERA did not decrease the basic and TMZ-inducible CTH mRna expression (Fig. 5C ). In order to clarify that CTH was involved in the resistance to TMZ in GBM-N15 cells, we applied siRNA transfection targeting xCT and CTH independently or in combination. CTH knockdown alone was not able to decrease resistance to TMZ. However, when CTH and xCT were knocked down simultaneously, TMZ-inducible cyto toxicity was significantly increased under either a physiological (50 µM) or a high (200 µM) concentration of TMZ (Fig. 5E) . Similarly, the overexpression of CTH suppressed the increase of TMZ-triggered cytotoxicity in xCT knockdown cells (Fig. 5F ). 
Discussion
In clinical therapy for GBM patients, new combined treatments and drugs are currently under the Phase 1 or 2 clinic trials (35, 36) ; however, TMZ as a first-line treatment is indispensable. Wide resistance to TMZ affects its application, and the mechanism of resistance remain to be elucidated (6) (7) (8) . Therefore, elucidation of the mechanism involved in the resistance to TMZ is crucial for improving the effect as an anticancer drug. Previous studies have reported that the cytotoxicity of TMZ was mainly mediated by O 6 -methylguanine, and a satisfactory result of TMZ treatment required functional DNA mismatch repair (MMR) and low MGMT levels as preconditions (37, 38) . However, recent studies have found that resistance to TMZ was associated with various factors. For instance, miR-128 and miR-149 regulate the invasion and chemosensitivity of GBM cells to TMZ by targeting Rap1B-mediated cyto skeletal and associated molecular alterations (39) . Another example is Galectin-1 (Gal1) which regulates resistance to TMZ by targeting the unfolded protein response to endoplasmic reticulum stress (ERS). Moreover, the cell protective autophagy has been reported to contribute to TMZ-induced cell death (40) . The production of ROS and the disruption of AKT/mTOR signal have been demonstrated to contribute to the TMZ resistance (41) . In this study, we focused on the contribution of TMZ-inducible ROS upregulation and the maintainable cysteine pool and GSH synthesis by xCT transporting and transsulfuration pathway in the resistance to TMZ (Fig. 6) .
xCT as a transporter is closely associated with GSH synthesis and ROS accumulation. Additionally, xCT is a potential target of cancer treatment (13, 16) . In many different types of tumors, pharmacological inhibition of xCT function by SASP exerts an inhibitory effect on tumor cell growth, and decreases the invasion of tumors, such as lymphoma, hepatocellular carcinoma, prostate cancer, bladder carcinoma and, glioma (13, 16, 34, 42, 43) . Furthermore, it has been proven that the effect of chemo-and radiotherapy may be improved with inhibition on the function of xCT. xCT is an independent predictive factor of poor prognosis and associated with tumor invasion in GBM patients. The findings in the present study coincide with the results of Ye et al (13) , xCT is strongly induced by TMZ in an Nrf2-and ATF4-dependent manner.
Following the knockdown by xCT siRNA or pharmacological inhibition by SASP and ERA, the ROS level increased while the GSH synthesis level decreased. This process regulates the sensitivity of GBM cells to TMZ treatment. Consequently, xCT is an important factor in the resistance of GBM cells to TMZ. However, the cysteine level in the cells decreased significantly when xCT was knocked down by siRNA, although a marked reduction in the GSH level was not observed. a similar result was confirmed in the co-processing experiment by SASP and TMZ. We found that when we deprived methionine and cysteine in media independently or together, methionine was important to GSH synthesis when cysteine was deprived.
Additionally, cystathionine almost completely replaced cysteine and methionine. These results suggest that another GSH synthesis pathway besides that of xCT exists, such as the transsulfuration pathway. TMZ strongly induces the expression of CTH mRNA and enhances the related enzyme activity, which is critical in the transsulfuration pathway, especially when xCT is inhibited. TMZ has been found to significantly induce the expression of Nrf2 and ATF4. Nrf2 and ATF4 have been found to increase GSH production via multiple mechanisms (44) . However, loss of ATF4 impairs GSH production by inhibiting the expression of CTH (45) . However, the relevance between TMZ-induced increase of Nrf2 and ATF4 expression and the CTH enzyme regulation, and whether TMZ induced other related enzymes such as CBS (cystathionine β-synthase) in the trans sulfuration pathway for GSH synthesis remain to be clarified and the experiments confirmed.
SASP as an xCT pharmacological inhibitor is a class of sulfa drugs that is approved by the Food and Drug Administration (FDA). SASP has been applied to Chron disease therapy in the clinic for a long time. ERA as small molecular compounds is another xCT pharmacological inhibitor that has been recently identified (22) . although the two inhibitors can effectively block cysteine uptake as well as GSH synthesis, there are other synthesis pathways besides xCT, the GSH synthesis has no absolute reliability on xCT. eRa significantly inhibits CTH activity and affects synthesis resulting from the xCT and transsulfuration pathways, thus the effect of TMZ is significantly elevated. However, eRa is limited with regard to the amelioration of TMZ cytotoxicity by applied SASP, because a low cysteine level in cells enables CTH activity with a co-processing treatment by SASP and TMZ. This may be one reason for the controversy regarding whether SASP has a therapeutic effect for GBM. Of note, the cell death caused by applying TMZ and ERA together may be partially rescued by DFO. This type of cell death is to some degree an Fe (III)-dependent process, described as ferroptosis in a recent study (22) . ERA highly preferentially selected to injure RaS-mutant tumors (22) . In the present study, the results did not show that there is a RAS-mutant in GBM cells. However, the continuously activated RAS was involved in the dialog between tumor and immune system (46) . ERA was involved in the regulation of ferroptotic cancer cell death by inhibiting the activity of GPx4 (glutathione peroxidase 4) (23) . Moreover, GPx4 is highly associated with tumor growth, and is a significant risk factor for breast cancer when GPx4 is continuously activated (47, 48) . However, whether ERA ameliorated GBM cell resistance to TMZ by inhibiting GPx4 activity and increasing the injury of oxidative stress for cells requires further investigation.
The present study shows that TMZ-inducible xCT upregulation and CTH activation were involved in the resistance of GBM cells to TMZ. In addition, eRa was able to block xCT and reduce CTH activity simultaneously. As a result, the cytotoxicity of TMZ was significantly increased. The combined treatment of TMZ and ERA may therefore greatly benefit GBM therapy.
